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Exploring the effect of partial B-site Al**—Mg?*
dual substitution on optoelectronic, surface,
and photocatalytic properties of BaTaO,N+

Mirabbos Hojamberdiev, (2 **®° Ronald Vargas, (2 °@ Zukhra C. Kadirova,*’
Katsuya Teshima (2 °9 and Martin Lerch?

BaTaO,N is appraised to be one of the few promising 600 nm-class photocatalysts for solar water
splitting. However, the presence of structural defects and low charge separation limits its photocatalytic
activity. Compared with mono substitution, dual substitution can be more effective in engineering the
structural defects and improving the photocatalytic activity if foreign ions are suitably selected. In this
work, we involve a dual-substitution approach to partially substitute A** and/or Mg®* for Ta®* in
BaTaO,N. By maintaining the maximum concentration of A**—~Mg?* dual substitution at 5%, the effect
of the Al3"—Mg2+ cosubstituent ratio on the optoelectronic, surface, and photocatalytic properties of
BaTaO,N is investigated. The A®*—Mg?* dual substitution leads to the shift of optical absorption edge
toward shorter wavelengths, increasing the optical bandgap energy of BaTaO,N. This effect is more
pronounced in the samples with a higher concentration of Mg?* due to the replacement of N>~ by a
large number of O~ to compensate charge balance. The initial reaction rates for the evolution of O,
and H, reveal the improvement in the photocatalytic activity of BaTaO,N due to the partial A" -Mg?*
dual substitution. Higher O, evolution is observed in the samples with a higher concentration of Mg+,
while the H, evolution rate significantly relies on the increased concentration of A**. According to the
density functional theory (DFT) calculations, the effective masses of electrons become slightly lower than
that of pristine BaTaO,N after partial A>*—=Mg?* (co)substitution, while a contrary tendency is observed
for the effective masses of holes. The calculated positions of the valence band maximum and conduc-
tion band minimum are aligned with respect to the normal hydrogen electrode (NHE), and partial A"
Mg?* (co)substituted BaTaO,N photocatalysts can be promising candidates for visible-light-induced
water splitting.

1. Introduction

As a carbon-free chemical process to generate green hydrogen,
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solar water splitting depends on various important photochemical
and photophysical properties of photocatalytic materials. Particu-
larly, band structure, optical absorption, charge density, charge
mobility, charge separation, defect density, surface structure,
particle size, crystallinity, etc. can be modulated by (co)substitu-
ting cations and anions in the crystal structures of host photo-
catalytic materials by foreign ions to improve their solar
water-splitting efficiency.’”

Many efforts have so far been made to enhance the water-
splitting efficiency of various oxide and non-oxide photocatalytic
materials by a cosubstitution. For instance, an apparent quantum
yield (AQY) of 3.2% under visible light (420-800 nm) was reached
by partial substitution of In*" for Bi** and Mo®" for V°* in the
host lattice of scheelite m-BiVO, due to uplifting the conduction
band edge position above the proton reduction potential (0 Vgg at
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pH = 7).> Compared with pristine BiVO,, 0.5W-2Mo-BiVO, exhi-
bited a significant increase in the donor concentration (Np =
1.03 x 10°® m™?), lifetime (tp = 3.8 ), and incident photon
conversion efficiency (IPCE = 41%), a decrease in the flat band
potential (Vg = 0.35 Viye) and space charge layer thickness, and
nearly ten times higher H, evolution.* A photocurrent density of
1.97 mA ecm™ 2 at 1.23 Ve and a relatively low onset potential of
0.68 Vryg Were obtained by a simultaneous introduction of Sn and
Mo in o-Fe,0;, where the former accelerated charge separation by
improving conductivity and the latter induced high density of
surface trapping states, leading to the inhibition of charge recom-
bination kinetics in surface states.> A significant increase in the
concentration of (co)doped ions decreases the efficiency. By apply-
ing a computational method, Smart et al.® recently found a doping
clustering, which traps free-electron polarons and severely lowers
the carrier concentration with respect to the doping concentration,
to be responsible for the doping bottleneck in o-Fe,O; and
proposed a codoping with dopants having low binding energies
for clustering, such as Sn-Ti, as a solution. The formation of
oxygen vacancies in SrTiO3, which act as electron-hole recombina-
tion centers, was suppressed by Rh-La’ and La-Al® codoping,
resulting in apparent quantum yields of 1.1% at 420 nm and
78.43% under 365 nm, respectively. Layered perovskite Sr,TiO,
was activated by La/N codoping, using 0.5 wt% Rh/Cr,0; as a
cocatalyst, for overall water splitting under visible light due to the
contribution of N and La for uplifting the valence band edge
position and charge balancing, respectively.” Wide-band-gap
photocatalysts, such as NaTaOj3,"® BaTa,0¢,"" and KTa0;,"> were
activated for H, evolution under visible light irradiation by intro-
ducing the Ir/La codopants. Along with La as a charge balancer,
doped Ir could form relatively shallow impurity levels, and the H,
evolution could proceed by electron transition from the impurity
levels formed by Ir*" to the conduction band. A negative shift
in the onset potential of photoelectrochemical water splitting
from about 0.8 Vyyg (for pristine TazNs) to 0.55 Vgpyr under AM
1.5 G-simulated sunlight was observed for a Mg-Zr cosubstituted
TazNs photoanode because of the change in the bandgap
potential."® Very recently, Mg-Zr-codoped single-crystalline TazN;
exhibited 45-times greater photocatalytic water-reduction activity
than undoped Ta;N; and an outstanding apparent quantum yield
(AQY) of 0.54% at 420 nm during the photocatalytic H, evolution
reaction due to the simultaneously well-regulated defect species
and surface properties.™

As a promising candidate for visible-light-driven water split-
ting because of its excellent visible light absorption up to
660 nm, narrow band gap, sufficient valence band potential
for water oxidation, good stability, and nontoxicity," perovskite
BaTaO,N has gained significant research interest. Apparent
quantum yields (AQY) of 0.06%,'® 2.1%," 6.8%,'® and
11.9%"? at 420 nm were progressively achieved for photocata-
Iytic H, and O, evolution over BaTaO,N, respectively, and an
incident photon-to-current efficiency of ~43% at 1.23 Vgyg Was
obtained in photoelectrochemical oxidation over
BaTaO,N.>° In addition to other important strategies applied,
such as flux growth,”" particle morphology- and size-controlled
synthesis,*® time-retrenched synthesis,* thin-film fabrication,>*
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facet-controlled synthesis, solid-solution, surface modi-
fication, tensile uniaxial strain,?® and particle transfer method,*
the A-site or B-site substitution or partial substitution of atoms
with different radii or valences have been proven to be effective in
tailoring the surface local structure and anion ordering and
modulating the optical, electronic, surface, and photocatalytic
properties of BaTaO,N without altering its perovskite structure.
Substituents with different valences act as either electron donors
or acceptors and change the carrier concentration when intro-
duced into the host lattice.>* Although divalent (Mg**, Ca>*, Sr**,
and Zn"), trivalent (AI**, Ga®**, and Sc*"), tetravalent (Ti*" and
Zr*"), and hexavalent (Mo®" and W®") cations were singly intro-
duced into the BaTaO,N lattice to improve its photocatalytic and
photoelectrochemical water splitting efficiency,”**3*% a dual-
substitution effect on water splitting efficiency of BaTaO,N has
not been explored yet.

Many outstanding works, including the above-mentioned
ones, on the enhancement of water splitting efficiency of
various photocatalytic materials by a dual substitution and
our recent work,*” where 5% Mg>" and 5% AI’* independently
promoted the photocatalytic sacrificial O, and H, evolution
over BaTaO,N under visible light, respectively, inspired us to
further explore the impact of a partial dual substitution on
water splitting efficiency of BaTaO,N. In this study, by main-
taining the maximum concentration of partial AI**~-Mg>* dual
substitution at 5%, the effect of the AI’*~Mg”" cosubstituent
ratio on the optoelectronic, surface, and photocatalytic proper-
ties of BaTaO,N is studied. By linking the materials character-
ization results to the evaluated photocatalytic activity, the
contribution of the partial AI**-Mg>" dual substitution is dis-
cussed and insights into the possible underlying mechanisms
are gained.

2. Experimental

2.1. Synthesis

Pristine and AI**-Mg”" cosubstituted BaTaO,N powders were
synthesized by a solid-state reaction route. BaCO; (99.99%,
chemPUR), Ta,05 (99%, Alfa Aeser), and Al,O3 (99.99%, Merck)
or MgCO; (>99%, Merck) as cosubstituent sources were first
mixed manually in a stoichiometric ratio. Then, the well-
homogenized mixture was placed in a platinum crucible,
heated at 950 °C for 6 h using a localized NH; delivery system
(12.5 L h™"), with a heating rate of 500 °C h™" and a natural
cooling rate. The synthesized BaTaO,N (BTON) powders: with
no substituent, 5% AI**, 5% Mg**, 2.5% AI*" + 2.5% Mg**, 3.5% AI**
+1.5% Mg”", and 1.5% AI’* + 3.5% Mg>" were labeled as BTON1,
BTON2, BTON3, BTON4, BTON5, and BTON®, respectively.

2.2. Characterization

The crystal structure was determined by X-ray diffraction
(XRD; PANalytical X’Pert PRO) analysis using Cu-K, radiation
(Bragg-Brentano geometry). The microstructure was examined
by scanning electron microscopy (SEM; GeminiSEM 500
NanoVP, Carl Zeiss). The elemental content was analyzed by
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means of energy-dispersive X-ray spectroscopy (EDX; DSM 982
GEMINI, Carl Zeiss, with a Bruker Quantax XFlash® 6|60) and
inductively coupled plasma-optical emission spectrometry
(SPS5510, SII Nanotechnology Inc.). The UV-Vis diffuse reflec-
tance spectra were measured using an Evolution 220 UV/Vis
spectrometer (Thermo Fisher Scientific). The surface chemical
composition and states of elements were analyzed using a PHI
Quantera II scanning X-ray photoelectron microprobe (XPS;
ULVAC-PHI, Inc.) with monochromatic Al-K, radiation. The
XPS profiles were fitted using a Gaussian-Lorentzian function,
and the peak positions were normalized by positioning the C 1s
peak at 284.5 eV.

2.3. Photocatalytic activity tests

The photocatalytic activity of pristine and (co)substituted
BaTaO,N samples was evaluated by comparing their H, and
O, evolution promoted by Pt (0.5 wt%) and CoO, (2 wt% Co)
cocatalysts, respectively. The cocatalysts were loaded according
to the processes reported elsewhere.** The H, and O, evolution
half-reactions were separately carried out in a Pyrex™ side-
irradiation-type reactor connected to a closed gas circulation
and evacuation system. A 300 W Xe arc lamp (Cermax-PE300BF,
PerkinElmer) with a UV-cutoff filter (L42, HOYA) and a cold
mirror (CM-1, Optline) was used as the visible-light source, and
the irradiance of visible light was 200 mW cm™>. The quantity
of evolved gases was analyzed by using a gas chromatograph
(GC-8A, TCD, Ar gas carrier, Shimadzu), which was directly
connected to the reactor. For the O,-evolution half-reaction, 100
mg of CoO,-loaded photocatalyst, 300 mL of 10 mM AgNO;
(sacrificial electron scavenger), and 200 mg of La,0; (pH buffer)
were used, while 100 mg of Pt-loaded photocatalyst and 300 mL
of 10 vol% aqueous methanol solution were used for the H,-
evolution half-reaction.

2.4. Computational methods

Density functional theory (DFT) simulations were performed
within Vienna ab initio simulation package (VASP)***” in the
projector augmented waves (PAW) scheme. The pristine
BaTaO,N cell (Pm3m space group, No. 221, Z = 1) was created
based on the experimental structural data.*® Several types of
substitution have been considered in the present work. A2 x 1
x 1 supercell was used to simulate a 50 at% substitution
content of Al or Mg, i.e., one substituent atom was substituted
for Ta atom within the 10-atomic supercell. To model the
cosubstitution contents of 25 at% Al and 25 at%. Mg, one Al
and one Mg atom were substituted for two Ta atoms within the
20-atomic 2 x 2 x 1 supercell. Simulation of 50 at% substitu-
tion, where one quarter is Al and three quarters is Mg, and vice
versa were modeled within a 2 x 2 x 2 supercell with 40 atoms.
All simulated configurations with the corresponding chemical
compositions are listed in Table S1 (ESIt). The generalized
gradient approximation (GGA) of the exchange-correlation
potential in the PBE form®® was adopted during geometry
optimization. For the 2 x 1 x 1 and 2 x 2 x 1 supercells, I'-
centered 6 x 12 x 12 and 6 x 12 x 12 k-point grids were used,
respectively. In the case of the 2 x 2 x 2 supercell, the
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Monkhorst-Pack k-point mesh 6 x 6 x 6 was applied.*> The
cut-off energy was 400 eV for all models. The optimization
continued until the residual forces on the atoms became less
than 0.5 meV A", The totally relaxed pristine and (co)substi-
tuted models were adopted for further calculations of the
density of states (DOS) and band structures. To achieve the
best agreement between experimental and theoretical results,
the screened Coulomb hybrid HSE12s exchange-correlation
functional was employed.*® During the calculation of the DOS
structure, I'-centered 6 x 12 X 12,4 x 4 x 8,and 3 x 3 x 3 k-
point grids in the case of (co)substituted models within the 2 x
1 x 1,2 x 2 x 1,and 2 x 2 x 2 supercells were applied,
respectively. The Gaussian smearing method was used for the
electronic structure calculations. The effective masses of elec-
trons and holes were calculated using the Sumo-bandstats
program through the parabolic fitting to the conduction band
minimum (CBM) and valence band maximum (VBM).*' The
band edge positions were calculated according to the empirical
formula:*>*°

ECB:x—Ee—O.SEg (1)
Eyg = Ecg — Eg (2)

where Ecg and Eyg are the CB and VB edge potentials, respec-
tively, E; is the band gap. The Mulliken electronegativity of
semiconductor y can be calculated as the geometric mean of
the absolute electronegativities of the constituent atoms. This
is defined as the arithmetic mean of the electron affinities and
atomic ionization. E° is the energy of free electrons of the
hydrogen scale (4.5 eV)."*"

3. Results and discussion

Since doping can also influence the formation of a secondary
phase depending on its concentration,’® the crystal structure
and purity of the synthesized samples were first analyzed by X-
ray powder diffraction (XRD) analysis. The XRD patterns of
pristine and (co)substituted samples are shown in Fig. 1. All
reflections in the XRD patterns are identified as a single-phase
cubic perovskite BaTaO,N with the space group Pm3m (ICDD
PDF 01-084-1748), and no reflections assignable to impurity
phases are detected. In the perovskite structure of BaTaO,N, Ba
cations with a larger ionic radius occupy A site and has a 12-fold
coordination, while Ta cations with a smaller ionic radius
occupy a B site and have a 6-fold coordination at the octahedral
sites. Since the ionic radii of AI** (53.5 pm) and Mg>* (72 pm)
substituents are closer to that of Ta>* (64 pm) than that of Ba**
(161 pm), both are expected to be (co)substituted for Ta>".
Apparently, the magnified XRD patterns indicate a slight altera-
tion in the 20 angle position of the 110 reflection toward higher
or lower 20 angles when Ta®" is partially substituted by Al**
(BTON2) or Mg>" (BTON3) in the octahedral coordination,
indicating the lattice volume contraction or expansion,
respectively.’” As the ionic radius of AI** is smaller than that
of Ta>", while the ionic radius of Mg®" is larger than that of
Ta®, the 20 angle position of the 110 reflections of the Al**-

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 X-Ray diffraction patterns of BTON1 (a), BTON2 (b), BTON3 (c), BTON4 (d), BTONS (e), and BTONG (f).

Mg>" dual-substituted samples (BTON4-6) is near to that of
pristine BaTaO,N (BTON1). Also, the concurrent substitution of
smaller 0>~ (126 pm) for larger N>~ (157 pm) to compensate
charge balance in the AI**~Mg>" dual-substitution for Ta>" may
have lessened the lattice expansion.’**> An opposite trend was
observed when oxygen occupying the substitutional and inter-
stitial lattice sites of K,La,Ti;O;0 was intentionally substituted
by nitrogen.”® As the (co)substitution concentration is strictly
controlled at 5%, no significant distortion in the crystal struc-
ture of BaTaO,N is observed.

The photocatalytic water splitting activity of photocatalysts
is greatly influenced by particle morphology, size, porosity,
exposed facets, etc. Recently, it was found that the CoO,
cocatalyst could function more effectively in photolumines-
cence quenching and generating greater band bending on the
{010} facet in dual-faceted BiVO, with respect to the {110}
facet.>® Also, the BaTaO,N crystals with well-developed {111}
facets® and coexposed anisotropic {100} and {110} facets®®
showed a significantly enhanced photocatalytic activity for H,
evolution in comparison to the BaTaO,N crystals with only

{100} facets. Thus, the microstructures of pristine and (co)sub-
stituted samples were also analyzed, and the SEM images are
shown in Fig. 2. Pristine BaTaO,N (BTON1) has irregular
particles with an average size of 247 nm, and some particles
contain pores (Fig. 2a). Evidently, the particle morphology and
size were affected by changing the AI**~-Mg®" cosubstituent
ratio. Namely, introducing 5% AI** (BTON2) significantly
reduced the number of small particles, and large bulky parti-
cles with an average size of 338 nm and surface pores were
formed (Fig. 2b). On one hand, these surface pores can, in
principle, provide a large surface area that is beneficial for the
photocatalytic water splitting reactions and also a greater
number of dangling bonds that can act as nucleation centers
for cocatalyst particles.”> On the other hand, they can also
affect both charge transport within the photocatalyst and mass
transfer of reactants and products, impacting the overall reac-
tion kinetics.”® In Fig. 2c, the particle size was drastically
decreased to an average size of 87 nm, and the particles became
more joined with an intimate contact and without any surface
pores after substituting 5% Mg** for Ta’" (BTON3). When 2.5%

Fig. 2 SEM images of BTONL1 (a), BTONZ2 (b), BTON3 (c), BTON4 (d), BTONS (e), and BTONG (f).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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A" and 2.5% Mg”" (BTON4) were equally cosubstituted for
Ta®" (BTON4), the particles again became larger (285 nm)
without a clear outline (Fig. 2d). When the AI**:Mg”* cosub-
stituent ratio was set to 3.5% : 1.5% (BTONS5), larger and denser
crystals with idiomorphic shapes appeared along with smaller
irregular particles with surface pores (Fig. 2e). In contrast, when
the AI*":Mg”* cosubstituent ratio was adjusted to 1.5%:3.5%
(BTONG®), the average particle size was reduced to 93 nm
(Fig. 2f). This indicates that the total interfacial free energy
and kinetic factors were more substantially influenced by Mg”*
than AI**. In the previous study,” the partial substitution of
Mg>* for Ta’" in BaTaO,N similarly reduced the number of
plate-like particles and led to the formation of particles with
idiomorphic shapes in comparison to other substituents.
Furthermore, the solid-state reaction here induced the for-
mation of more irregular particles despite AI**-Mg®>" dual
substitution in comparison to the flux method applied pre-
viously to synthesize BaTaO,N particles,>*****> which may lead
to the different photocatalytic activity. The EDX spectra of
pristine and (co)substituted samples shown in Fig. S1 (ESIY)
reveal the presence of Ba, Ta, O, N, Al, and Mg elements. The
(co)substituent contents estimated by EDX and ICP-OES data
are about 4.84% Al, 4.91% Mg, 2.42% Al + 2.38% Mg, 3.47% Al +
1.52% Mg, and 1.48% Al + 3.51% Mg for BTON2, BTON3,
BTON4, BTONS5, and BTONG6, respectively, which are close to
the nominal compositions of (co)substituents.

Fig. 3 shows the UV-Vis diffuse reflectance spectra of pristine
and (co)substituted samples. Pristine BaTaO,N (BTON1) has an
optical absorption edge at 665 nm, corresponding to the optical
bandgap energy of 1.86 eV. Obviously, the AI**~Mg** cosubsti-
tuent ratio influenced visible-light absorption of BaTaO,N. That
is, the optical absorption edges of (co)substituted samples
shifted toward shorter wavelengths, resulting in the optical
bandgap energies of 1.90, 2.01, 1.96, 1.93, and 1.99 eV for
BTON2, BTON3, BTON4, BTON5, and BTONS6, respectively.
Interestingly, increasing the concentration of Mg*" led to a
greater shift toward shorter wavelengths in comparison to that

Intensity (arb. units)

500 600
Wavelength / nm

Fig. 3 UV-Vis diffuse reflectance spectra of BTONL1 (a),
BTONS3 (c), BTON4 (d), BTONS (e), and BTONG (f).

300 400
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of AI’". This is due to the substitution of more N°~ by O*~ to
compensate charge balance in the Mg>*-to-Ta>* substitution,"*?>?*
The valence band of BaTaO,N consists of hybridized N 2p and O 2p
orbitals, and its position is affected by the N/O ratio as the N 2p
orbitals are higher in energy than the O 2p orbitals. This is also
reflected by the powder color of the synthesized samples shown in
the insets of Fig. 3, where the higher the Mg®* concentration, the
brighter the powder color is. Although the AI**-Mg*" dual substitu-
tion induced a considerable blue-shift in light absorption, which is
not beneficial in solar energy conversion, it is still advantageous in
reducing the surface and bulk defects because of the suppression
of Ta® reduction by AP*/Mg>" (co)substitution and altering the
band edge positions with respect to water splitting potentials.>

To probe the surface chemical composition and oxidation
state of elements, X-ray photoelectron spectroscopy (XPS) mea-
surements were conducted. In the XPS core-level spectra of
Ta 4f in Fig. 4, the overlapping peaks of the Ta 4fs,, and Ta
4f,,, states of the Ta>" species bonded to N°~ and O®>” can be
deconvoluted into four different peaks centered at the binding
energies of 25.70-26.16, 23.67-24.14, 27.07-27.11, and 25.01-
26.09 eV, respectively.’® Although there is no direct correlation
between the intensities of the Ta(N) and Ta(O) peaks and
AI’*-Mg>" (co)substitution ratio, a slightly higher intensity in
the Ta(O) peak can be observed in comparison to that of
the Ta(N) peak when the AI*":Mg>" (co)substituent ratio is
decreased because a large number of N~ were substituted
by O”” to compensate charge balance in the Mg**-to-Ta’*
substitution.'***3* No peaks associated with reduced tantalum
species were noted as the partial substitution of AI** or/and
Mg>" suppressed the reduction of Ta’".>* This leads to the
reduction in the surface and bulk defects that can improve
charge separation and photocatalytic activity.

Density functional theory (DFT) simulations were further
involved to understand the electronic structures of pristine and
(co)substituted BaTaO,N models. First, the structural para-
meters of pristine and (co)substituted BaTaO,N models were
predicted by DFT-PBE. As shown in Table S1 (ESIt), the
structural parameters of pristine BaTaO,N model were found
to be in good agreement with the experimental data reported
previously.>>® It can be noted that Al substitution leads to a
contraction of lattice constants due to a smaller ionic radius of
A" (53.5 pm) than that of Ta’" (64 pm). An opposite trend is
observed in Mg substitution because the ionic radius of Mg>*
(72 pm) is larger than that of Ta®>". The cosubstituted models
can be characterized in the same manner depending on the Al
and Mg contents. This is consistent with the X-ray diffraction
data presented earlier.

Next, the effect of AI**~Mg>" (co)substitution at the Ta site in
BaTaO,N on electronic band structures was studied by DFT-
HSE12s. As shown in Fig. 5, the estimated bandgap energy of
pristine BaTaO,N is 1.49 eV (direct-type), which is slightly lower
than the experimentally*>*® and theoretically®® obtained band-
gap values due to the well-known underestimation. The calcu-
lation results reveal that the (co)substitution of Al and/or Mg at
the Ta site in BaTaO,N can generate acceptor states above the
valence band maximum, shifting the valence band upward (Fig. 5).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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According to the density of states (DOS) plots, the distribution
patterns of the atomic orbitals seem to be unchanged (Fig. S2, ESIt).
The major contribution to the valence band comes from occupied O
p and N p states, while the conduction band consists of empty Ta d

© 2022 The Author(s). Published by the Royal Society of Chemistry

states. The dependence of the bandgap value on Al or/and Mg
contents in pristine and (co)substituted BaTaO,N models is shown
in Fig. S3 (ESIT). Apparently, Al substitution results in a narrower
bandgap value in comparison to Mg substitution. Meantime, three
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cosubstituted models are characterized by a significant decrease
in the band gap with an increase in the Al content, which is
beneficial to absorb a significant fraction of visible light. Among
the three cosubstituted models, the BaTag5Aly375Mg0.1250,N
model has the narrowest band gap (1.36 eV).

The effective masses of electrons (m}) and holes (mj,) were
also estimated along specific directions (Table S2, ESIT). It is
known that lower effective masses of charge carriers indicate
their higher mobility, which is important for enhancing the
photocatalytic activity.*> In the case of pristine BaTaO,N, the
effective masses of electrons and holes are comparable and low.
With Al and/or Mg (co)substitution, the effective masses of
electrons become slightly lower than that in pristine BaTaO,N,
suggesting an improvement in the reduction ability of the
(co)substituted BaTaO,N models. A contrary tendency can be
observed for the effective masses of holes, which increased
three or more times as compared with that of pristine BaTaO,N.
The lowest effective masses of holes are noted for the BaTa, 5-
Al 375Mg0.1250,N model, which may exhibit its stronger oxidiz-
ing ability among (co)substituted compounds. Suitable redox
potentials are also known as one of the major criteria for
developing high-efficiency visible-light-active photocatalysts.**"*®
As shown in Table S3 (ESIf), the calculated positions of the
valence band maximum and conduction band minimum are
aligned with respect to the normal hydrogen electrode (NHE),
and AI>’-Mg** (co)substituted BaTaO,N photocatalysts can be
promising candidates for visible-light-induced water splitting.

The effect of AI>*~Mg”* dual substitution on visible-light-
induced photocatalytic activity of BaTaO,N was investigated.
The half-reaction time courses for the photocatalytic H, and O,
evolution over pristine and (co)substituted BaTaO,N samples
are shown in Fig. 6. As shown in Fig. 6a, the quantity of evolved
0O, gradually increases in the following order within 5 hours
of the photocatalytic reaction: 124.05 pmol < 171.4 umol <
238.2 pmol < 271.5 pmol < 324.7 pmol < 406.2 pmol for
BTON1, BTON2, BTON3, BTON5, BTON4, and BTON®, respec-
tively. Clearly, compared with pristine BaTaO,N (BTON1) and
mono-substituted samples (BTON2 and BTON3), cosubstituted
samples exhibit higher O, evolution, and the highest O,
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evolution (406.2 pumol) is observed for BTON6 with 1.5% AI**
+ 3.5% Mg>" cosubstituents. It is argued that due to the
decrement in the surface and bulk defects as a result of the
partial replacement of Ta>" by a higher number of Mg>" in
the AI**~-Mg>" dual substitution and altering the valence band
position with respect to water oxidation potential. As shown in
Fig. 6b, the highest quantity of evolved H, is obtained for
BTON5 (75.4 pmol) followed by BTON4 (60.5 pumol), BTON6
(51.9 pmol), BTON2 (45.4 pmol), BTON3 (31.7 pmol), and
BTONT1 (17.3 umol), respectively.

Kisch and Bahnemann®’ suggested that the comparison of
photocatalyst performance must be done using the kinetic
parameters extracted from experimental measurements per-
formed using the same types of light source and reactor. Then,
it is convenient to estimate the reaction rate in the initial stages
as the respective slope of the O, and H, evolved vs. irradiation
time plots. For the O, evolution, the reaction rates were
estimated to be 178.66, 102.64, 79.33, 66.65, 55.89, and
31.44 pmol h™* for BTON6, BTON4, BTON5, BTON3, BTON2,
and BTON1, respectively. For the H, evolution, 18.94, 12.81,
8.34, 7.35, 3.93, and 1.78 pmol h™* for BTON5, BTON4, BTONS,
BTON2, BTON3, and BTON1, respectively. Clearly, BaTaO,N
modified with 1.48% Al + 3.51% Mg generated the highest
quantity of O, (178.66 umol h™*) with an apparent quantum
yield of 0.18% at 420 nm, and BaTaO,N modified with
3.47% Al + 1.52% Mg produced the highest quantity of H,
(18.94 umol h™") with an apparent quantum yield of 0.64% at
420 nm. Considering that the variation of the specific surface
area between the photocatalysts does not have a greater
impact,”® the trend observed in the initial reaction rate can
be considered as evidence that reflects the improvement of the
surface reactions due to the modification of the BaTaO,N
photocatalyst with AI**~-Mg®" dual substitution. In our recent
work,** the photocatalytic reaction rate of the cation-modified
BaTaO,N was correlated with the energy difference of the
adsorbed intermediates, where the photocatalytic evolution of
H, and O, was significantly enhanced using Al- and Mg-
modified BaTaO,N photocatalysts, respectively. Thus, it is
argued that in the case of dual substitution of BaTaO,N with
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Fig. 6 Reaction time courses for photocatalytic O, (a) and H; (b) evolution over BTON1, BTON2, BTON3, BTON4, BTONS5, and BTON6 loaded with
CoOy and Pt nanoparticles as O, and H;, evolution cocatalysts under visible light irradiation.
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AI’" and Mg**, the photocatalytic performance to form H, can
be favored in the photocatalyst with a higher proportion of Al**,
Regarding the evolution of O,, it was reported that the mod-
ification with Mg”>* presented a higher reaction rate than the
undoped BTON and the Al-doped BTON.?> The latter suggests
that the highest reactivity for the evolution of O, can be
achieved with the photocatalyst having the highest percentage
of Mg**. Therefore, the AI>’~-Mg>* dual substitution can mod-
ulate the photocatalytic activity of BaTaO,N.

The AI**-Mg”* dual substitution in BaTaO,N leads to the
improvement in the kinetics of photocatalytic processes as
a result of efficient electron transfer and the reduction of
recombination processes. The interrelation of both phenomena
(electron transfer and recombination) in BaTaO,N photo-
catalysts has been discussed in previous works,**?%>* and the
optoelectronic properties were presented to be responsible for
the changes in the photocatalytic behavior. For instance, the
codoping of Ta;N; with Mg and Zr'? and the modification
of BaTaO,N with Ca and cobalt oxide'” significantly affected
the optoelectronic properties in such a way that the co-doped
photocatalysts could exhibit the lower onset potentials and
higher photocatalytic activity for photoelectrochemical water
splitting. Modification of BaTaO,N and LaTiO,N with Zn and
Ca has also been shown to significantly influence carrier
density, to shift the band edge position, and to improve the
yield of photo-redox reactions.*® Similar results have been
reported in BaTaO,N with various dopants.>"**

For AI>*-Mg**-(co)substituted BaTaO,N, the photocatalytic
performance observed for the evolution of O, and H, (Fig. 6),
the changes in visible light absorption (Fig. 3), and DFT
calculations (Fig. 5) support the alteration in the electronic
states of the photocatalyst with AI>* and/or Mg>". Therefore, the
difference in the dynamics of charge carriers affected the
photocatalytic performance of pristine and (co)substituted
photocatalysts. The relevance of DFT calculations to detect
band structure effects that correlate with photocatalytic activity
is convenient. Using the DFT calculations, Ni et al.> estimated
the changes in the electronic structure of ZnSe by co-
substitution of Sb at Se sites and Sc or Y at Zn sites, suggesting
the importance of the effect of strong Coulombic interactions.
It was also noted that the dual substitution resulted in a
reduced bandgap, absorption in visible light, and energetic
position of the bands relative to the redox potentials of water.
By applying the DFT calculations, the role of F and N in the
co-doped TiO, was studied,®® indicating that the co-substitution
of foreign atoms affects the band structure and provides new
pathways for the appearance of different physicochemical
processes (e.g., enhanced adsorption of reagents, formation of
new bonds, changes in the band structure, etc.) that provide
improvements to the photocatalytic activity. As the dynamics of
charge carriers is defined by the electronic structure, the DFT
results presented here for BaTaO,N cosubstituted with AI** and
Mg>* (Fig. 5) allow to assertively detect those changes in the
electronic band structure that could have effects and/or be
related to the performance of the photocatalysts. Further,
the effect of AI**~Mg>" dual substitution on surface property

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(water and methanol adsorption) of BaTaO,N is also theoreti-
cally explored.

Along with other factors, the adsorption of water molecules
and formed intermediates on the photocatalyst surface has a
strong influence on photocatalytic activity. In our recent work,
the experimental photocatalytic reaction rates of pristine and
cation-doped BaTaO,N surfaces terminated with TaOgs, TaNg,
and TaO,4N, were well presented using the adsorption energies
of intermediates (H* for H, evolution and HO* and O* for O,
evolution) estimated by molecular dynamics calculations.>?
Another study has shown that the nickel modification can
improve the adsorption of water molecules on anatase-TiO,,
rutile-TiO,, and ZnO photoanodes, enhancing their photoelec-
trochemical performance.®’ Particularly, Adsorption Locator
for modelling has been broadly used for evaluating the adsorp-
tion interaction or non-bonded energies of organic and water
molecules for various applications, including biomolecule/
surface interactions,®” adsorption of SiF, and HF gaseous
molecules at the molecular level,** next-generation protein-
based biosensor surfaces,* catalyst/adsorbents for oil recovery
and viscosity reduction process,® drug delivery tool in bio-
logical systems,®® etc. Here, the influence of the AlI**~Mg”* dual

(5% Al

BaTaO,N
(5% Mg)

00" *
“ﬁ.v" & :.-j.' ..a,

o)

N

Fig. 7 Water and methanol molecules and field density distribution on the
BaTaO,N(110) surfaces with 5% Al (a), 2.5% Al and 2.5% Mg (b), and 5% Mg
(c). Atoms: grey — hydrogen, red — oxygen, blue — nitrogen, yellow —
magnesium, pink — aluminum, light blue — tantalum, green - barium;
Isosurface: red — methanol, green — water.
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substitution on the adsorption of water molecules on the
BaTaO,N(110) surfaces was also explored by combined Mole-
cular Dynamics and Monte-Carlo computer simulation. The
Forcite and Adsorption Locator modules in BIOVIA Materials
Studio 2017 software®” was used to determine the most favor-
able adsorption sites and to evaluate the adsorption energy of
water molecules on the BaTaO,N(110) surfaces at different
concentrations of the AI** and Mg”** (co)substituents (Table
S5, ESIf). The simulation data reveal that the adsorption
energies of water molecules increase linearly by the Al**-for-
Ta>" substitution on the BaTaO,N(110) surface. The simulta-
neous adsorption of water and methanol molecules is higher
than the adsorption of only water molecules (Fig. S4, ESIY),
which increases depending on the AlI** content. The differential
adsorption (dE,qs/dN;) of water molecules in water or water-
methanol systems on the BaTaO,N(110) surfaces have similar
values (2.3-2.7 kecal mol™"). The methanol molecules interact
more strongly with AlI**~-Mg>"-cosubstituted surfaces (4.95-
6.14 kcal mol™"). Fig. 7 shows close contacts between water
molecules and AI*'-, Mg”*~ and AI**-Mg**-(co)substituted
BaTaO,N(110) surfaces. However, methanol molecules tend to
interact better with magnesium atoms on the BaTaO,N(110)
surface. Thus, compared with AI**- or Mg”" substitution, the
APP*-Mg** dual substitution can improve the adsorption of
water and methanol molecules on the surface of BaTaO,N,
enhancing its photocatalytic activity.

4. Conclusions

In summary, the partial AI**~-Mg>* dual substitution (5%) was
applied to engineer structural defects and to modulate opto-
electronic, surface, and photocatalytic activity of BaTaO,N. The
optical absorption edge of BaTaO,N was shifted to shorter
wavelengths after (co)substitution of AI** and/or Mg>" for
Ta®, leading to the increase in the optical bandgap energy.
This effect was more pronounced in the samples with higher
content of Mg”>* because a large number of 0>~ were substi-
tuted for N*~ to compensate charge balance. Similarly, a partial
substitution of Mg>" for Ta®" affected the morphology of
BaTaO,N particles in comparison to Al**, reducing the average
particle size significantly. The initial reaction rates for the
evolution of O, and H, revealed the improvement in the
photocatalytic performance of BaTaO,N photocatalysts due to
APP*-Mg** dual substitution. Particularly, BaTaO,N modified
with 1.48% Al + 3.51% Mg generated the highest quantity of O,
(178.66 pmol h™') and exhibited an apparent quantum yield of
0.18% at 420 nm, while BaTaO,N modified with 3.47% Al +
1.52% Mg produced the highest quantity of H, (18.94 umol h™)
and exhibited an apparent quantum yield of 0.64% at 420 nm.
This enhancement in the photocatalytic O, and H, evolution
over AI>*~-Mg?*"-(co)substituted BaTaO,N photocatalysts can be
related to the changes in the defect density, dynamics of charge
carriers, electronic band structure, improvement in water and
methanol adsorption, and favorable shift in the band energy
levels with respect to water reduction and oxidation potentials.
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